Abstract Axion Like Particles (ALPs) are one promising kind of dark matter candidate particles that are predicted to couple with photons in the presence of magnetic fields. The oscillations between photons and ALPs travelling in the magnetic fields have been used to constrain ALP properties. In this work, we obtain some new constraints on the ALP mass m a and the photon-ALP coupling constant g with two different magnetic field models through TeV photons from PKS 2155-304. One is the discrete-ϕ model that the magnetic field has the orientation angle ϕ changes discretely and randomly from one coherent domain to the next, another is the linearly-continuous-ϕ model that the magnetic field orientation angle ϕ varies continuously across neighboring coherent domains. For the discrete-ϕ model, we can obtain the best constraints on the ALP mass m 1 = m a /(1 neV) = 0.1 and on the photon-ALP coupling constant g 11 = g/(10 −11 GeV −1 ) = 5, the reasonable range of the ALP mass m 1 is 0.08 ∼ 0.2 when g 11 =5, and the only reasonable value of the photon-ALP coupling constant is g 11 =5 when m 1 =0.1. For the linearly-continuous-ϕ model, we can obtain the best constraints on the ALP mass m 1 = 0.1 and on the photon-ALP coupling constant g 11 = 0.7, the reasonable range of the ALP mass m 1 is 0.05 ∼ 0.4 when g 11 =0.7, and the reasonable range of the photon-ALP coupling constant g 11 is 0.5 ∼ 1 when m 1 =0.1. All the results are consistent with the upper bound (g < 6.6 × 10 −11 GeV −1 , i.e. g 11 < 6.6) set by the CAST experiment.
into an ALP and vise versa. Such photon-ALP oscillations have been used to explain lots of astrophysical phenomena, or to constrain the properties of ALPs (Mirizzi et al. 2008) . For example, the apparent dimming of supernovae (Östman & Mörtsell 2005; Mirizzi et al. 2005; Csáki et al. 2002) , the spectral distortions of the cosmic microwave background (Csáki et al. 2015; Dias et al. 2014) , and the anomalous lack of opacity to gamma rays of the Universe: HESS, MAGIC and Fermi have detected high energy gamma ray photons in the TeV range from distance Active Galactic Nuclei (AGNs) (H.E.S.S. Collaboration et al. 2013; Mazin & Raue 2007; Aharonian et al. 2006; Ackermann et al. 2012; MAGIC Collaboration et al. 2008 ).
Before reaching the earth, these photons will suffer significant attenuation because electron-positron pair production on the extragalactic background infrared radiation. There is a possible interpretation for this transparency phenomenon, i.e. due to the photon-ALP mixing, the radiation from AGNs travel in the form of ALPs without producing pairs in most of the distance, and convert back to the photons when they arriving the earth (Mirizzi & Montanino 2009; Burrage et al. 2009; Simet et al. 2008 ).
The magnetic field structure may strongly affect photon-ALP propagation in the universe. The most previous studies adopted a magnetic field model that the path of propagation is divided into many coherent domains, each has a uniform magnetic field and the same size l. In this model, the magnetic field has the orientation angle (represented by ϕ) changes discretely and randomly from one domain to the next. Based on this model, Grossman et al. (2002) derived a formula for the photon-to-ALP conversion probability through plenty of domains, and this formula has been widely used in lots of previous work. But recently Wang & Lai (2016) adopted another magnetic field model that the magnetic field orientation angle ϕ varies continuously across neighboring domains. Wang & Lai (2016) showed that qualitative significantly different result for the photon-to-ALP conversion probability compared with which obtained in the discrete-ϕ model.
In this work, we compare the two different results of the photon-ALP propagation for two different magnetic field models mentioned above, and obtain some new constraints on ALP properties based on photon-to-ALP conversion probability through TeV photons from a distant AGN PKS 2155-304. This paper is organized as follows. In section II, we describe the fitting of the broadband spectral energy distribution (SED) of PKS 2155-304 with a one-zone synchrotron self-Compton (SSC) model. In section III, we briefly summarize the two different results of the photon-ALP propagation for the two different magnetic field models. In section IV, we compare the constrains of ALP properties for the two different magnetic field models through fitting the survival probabilities of the Tev photons of PKS 2155-304. Conclusions and discussion are presented in the last section.
OBSERVATION AND FITTING OF PKS 2155-304
Recent studies reveal that an irregular local energy spectrum of PKS 2155-304 has been used to constrain the photon-ALP coupling . PKS 2155-304 is a powerful and well-studied TeV gamma-ray source (H.E.S.S. Collaboration et al. 2010; Aharonian et al. , 2007 . This BL Lac may offer the possibility for the conversion of photon-ALP in the magnetic field which along the path of propagation (Falomo et al. 1993; Smith et al. 1995; Abramowski et al. 2013 ). So PKS 2155-304 is a good Notes: δ is the Doppler factor, B is the uniform magnetic field, R is the radius of the emitting blob, N 0 is the density factor, γ min ,γ 0 and γmax are the minimum, break and maximum Lorentz factors of the electron energy distribution, p 1 and p 2 are the spectral indexes of the electron energy distribution at lower and higher energies respectively.
We have collected the broadband observed data from the NASA/IPAC Extragalactic Database (NED), along with the Tev data from the HESS observations. We fit the broadband SED of PKS 2155-304 with a one-zone SSC model developed by Chen (2017) . In this one-zone SSC model, there are nine independent parameters to depict the broadband SED. Three parameters characterize the global properties of the emitting blob: δ -the Doppler factor, B -the uniform magnetic field, and R -the radius of the emitting blob. The other six parameters characterize the distribution and the physical properties of the high-energy particles:
p 1 , p 2 -the spectral indexes of the electron energy distribution at lower and higher energies respectively, γ max , γ min , andγ 0 -the maximum, minimum, and break Lorentz factors of the electron energy distribution, N 0 -the density factor. In this model, the synchrotron + SSC emissions can produce the whole SED. We can adjust the nine free independent parameters as mentioned above to fit the SED of PKS 2155-304. Fig. 1 presents our fitting, and the corresponding parameters are listed in Table 1 . In Fig. 1 , In a Cartesian coordinates X-Y-Z (the Z-axis is along the direction of propagation), if the angular frequency ω or energy ε is given (for E,a ∝ e iωt ), the evolution equation of ALP field a and the photon electric field E can take the form
where the superscript represents d/dz, and ϕ is the orientation angle of the magnetic field B, i.e.ϕ is the angle between B tr (the projection of B in the XY-plane) and the X-axis. If we define dimensionless quantities (in units of c = = 1),
The parameter ∆ a is related to the ALP mass and the parameter ∆ M is related to the photon-ALP coupling constant, they are given by
and
where m a is the ALP mass, ε is the photon energy, g is the photon-ALP coupling constant. The plasma
, where ω pl is the electron plasma frequency and n e is the electron density.
The photon-ALP evolution can be obtained by integrating Eq.(10) along the ray for a given magnetic field structure. We assume that the path of propagation is divided into many coherent domains, each has a uniform magnetic field and the same size l.
For the model that the magnetic field has the orientation angle ϕ changing discretely and randomly from one domain to the next, Grossman et al. (2002) derived an analytic formula for the mean value of the photon-to-ALP conversion probability (represented by P G ) after propagating through N domains(over distance D = N l), and this formula has been widely used in lots of previous work:
where completely different photon-to-ALP conversion probability compared to the discrete-ϕ model. The mean photon-to-ALP conversion probability (represented by P W ) after propagating through N domains (over
It is notable that the validity of Eq.(16) requires P W 1 (Wang & Lai 2016) .
CONSTRAINS ON ALP PROPERTIES
Based on the fitting of the broadband SED of PKS 2155-304 (see Fig. 1 We can also get the Tev photons survival probabilities through the photons-to-ALPs conversion probabilities, because the survival probability plus the conversion probability equals 1 for one single photon.
For the model that the magnetic field has the orientation angle ϕ changing discretely and randomly from one domain to the next, the Tev photon survival probability (represented by P S,G ) is:
For the model that the magnetic field orientation angle ϕ varies linear-continuously across neighboring domains, the Tev photon survival probability (represented by P S,W ) is:
Note that the magnetic field structure around the source and in the intergalactic medium (IGM) are very different. Typically, the intergalactic magnetic field has an upper limit of a few nG and the coherent domain size is on the order of a few Mpc , but the strength of the magnetic field around the source is about 0.1∼1G
and coherent domain size is about 0.1∼ a few pc (Sánchez-Conde et al. 2009; Grasso & Rubinstein 2001; Grossman et al. 2002; Ade et al. 2015) . For PKS 2155-304, in our calculation, we adopt the following scheme: the strength of the magnetic field around the source (represented by B sou ) we adopt is about 1.2 G, which is the value adopted in our SSC model (see Table 1 ), and the coherent domain size around the source (represented by l sou ) we adopt is about 1 pc, which is the distance from the central black hole to the broad line region (BLR); the strength of the intergalactic magnetic field (represented by B int ) we adopt is about 1 nG, and the intergalactic coherent domain size (represented by l int ) we adopt is about 1 Mpc. We have listed all the values in Table 2 .
If the survival probability of the Tev photon which propagates through the magnetic field around the source is represented by P S,sou , and the survival probability propagating through the intergalactic magnetic field is represented by P S,int , the total survival probability can be written as It is notable that the generated ALPs in the magnetic field around the source would be partially converted back to photons in the intergalactic magnetic field. However, based on our calculations, we find that this effect is too small for the total survival probability. So we can neglect it.
For the two different models, we have: 
For the expressions (11) and (12), we can adjust the parameters m 1 and g 11 to make a best fitting of the survival probabilities of the Tev photons of PKS 2155-304.
In Fig. 2 , we present the survival probabilities (P S ) of all the Tev photons, which are showed by the black filled circles. We also present the best fitting curves for the discrete-ϕ model (P S,G ) and for the linearlycontinuous-ϕ model (P S,W ) respectively. For Eq.(11), when the ALP mass m 1 =0.1 and the photon-ALP coupling constant g 11 =5, we can obtain the best fitting curve of P S,G , which is showed by the blue solid line. For Eq. (14), when m 1 =0.1 and g 11 =0.7, we can obtain the best fitting curve of P S,W , which is showed by the red solid line. It is notable that we didn't consider the highest black filled circle in Fig. 2 in our fitting, because its error is too big and the survival probability it represents is greater than one, which is unphysical.
For the discrete-ϕ model, we present a few typical fitting curves in Fig. 3 not considered in our fitting, because its error is too big and the survival probability it represents is greater than one, which is unphysical. the Tev photon survival probabilities P S,G are very sensitive to the ALP mass m 1 , but are not sensitive to the photon-ALP coupling constant g 11 .
For the linearly-continuous-ϕ model, we also present a few typical fitting curves in Fig. 4 . The left panel shows the different fitting curves of P S,W with different m 1 when g 11 =0.7: the blue solid line shows It is difficult to explain why there is only one reasonable value of the photon-ALP coupling constant (i.e.
g 11 =5) when m 1 =0.1 for the discrete-ϕ model, but for the two models, the best-fitting parameters of ALPs and the reasonable ranges of the parameters of ALPs which are based on the best fitting are consistent with the upper bound (g < 6.6 × 10 −11 GeV −1 , i.e. g 11 < 6.6) set by the CAST experiment (Anastassopoulos et al. 2017) . Comparing the fitting results of the two different models, we can find that the best-fitting g 11 which comes from the linearly-continuous-ϕ model (g 11 =0.7) is almost one order of magnitude smaller than that comes from the discrete-ϕ model (g 11 =5). This means that the coupling between photon and ALP in the linearly-continuous-ϕ magnetic field structure is much weaker than in the discrete-ϕ magnetic field structure, but the physical mechanism involved is still unclear.
SUMMARY AND DISCUSSION
ALPs are one promising kind of dark matter candidate particles that are predicted to couple with photons in the presence of magnetic fields. An ALP can oscillate into a photon and vise versa due to this coupling process. Such photon-ALP oscillations have been used to interpret observations of TeV gamma-ray photon Constraints on axionlike particles with different magnetic field models 9 this paper, we obtain some new constraints on ALP properties based on photon-to-ALP conversion probability through TeV photons detected from a distant AGN PKS 2155-304.
First, we fit the broadband SED of PKS 2155-304 with a one-zone SSC model. Based on the fitting of its broadband SED, we can obtain the strength of the magnetic field B = 1.2 G around PKS 2155-304, and the survival probabilities of these Tev photons. With further reasonably assuming that the coherent domain size around the source is the distance from the central black hole to BLR (e.g., 1 pc); the strength of the intergalactic magnetic field (e.g., 1 nG), and the intergalactic coherent domain size (e.g., 1 Mpc), we can constrain the two key parameters for ALP, i.e., the particle mass m a and the photon-ALP coupling constant g based on the survival probability of Tev photons. Two magnetic field configurations are considered based on the previous studies. One is the discrete-ϕ model. In this model, the path of propagation is divided into lots of coherent domains, each has a uniform magnetic field and the same size l, the magnetic field has the orientation angle ϕ changing discretely and randomly from one domain to the next. Another is the linearlycontinuous-ϕ model that the magnetic field orientation angle ϕ varies continuously across neighboring domains.
For the discrete-ϕ model, when m 1 =0.1 and g 11 =5 (m 1 ≡ m a /1 neV, and g 11 ≡ g/10
we can obtain the best fitting curve of P S,G . The reasonable range of the ALP mass m 1 is 0.08 ∼ 0.2 when g 11 =5, and the only reasonable value of the photon-ALP coupling constant is g 11 =5 when m 1 =0.1. These results imply that, in the energy range 10 25 − 10 27 Hz, for the discrete-ϕ model, the Tev photon survival probabilities P S,G are very sensitive to the ALP mass m 1 , but are not sensitive to the photon-ALP coupling constant g 11 .
For the linearly-continuous-ϕ model, when m 1 =0.1 and g 11 =0.7, we can obtain the best fitting curve of P S,W . The reasonable range of the ALP mass m 1 is 0.05 ∼ 0.4 when g 11 =0.7, and the reasonable range of the photon-ALP coupling constant g 11 is 0.5 ∼ 1 when m 1 =0.1. These results imply that, in the energy range 10 25 − 10 27 Hz, for the linearly-continuous-ϕ model, the Tev photon survival probabilities P S,W are very sensitive to the ALP mass m 1 , and are also very sensitive to the photon-ALP coupling constant g 11 .
It is notable that, for the two models, the best-fitting parameters of ALPs and the reasonable ranges of the parameters of ALPs which are based on the best fitting are consistent with the upper bound (g < 6.6 × 10 −11 GeV −1 , i.e. g 11 < 6.6) set by the CAST experiment. Compare the fitting results of the two different models, we can find that the best-fitting g 11 which comes from the linearly-continuous-ϕ model (g 11 =0.7) is almost one order of magnitude smaller than that comes from the discrete-ϕ model (g 11 =5). This means that the coupling between photon and ALP in the linearly-continuous-ϕ magnetic field structure is much weaker than in the discrete-ϕ magnetic field structure, but the physical mechanism involved is still unclear.
Although PKS 2155-304 is a well-studied TeV gamma-ray emitter, the Tev observations we can obtain are still limited. More publicly available Tev observations of PKS 2155-304 are necessary to obtain more precise constraints on ALP properties.
